UNCLASSIFIED

AD NUMBER

ADB060927

LIMITATION CHANGES

TO:

Approved for public release; distribution is
unlimted.

FROM:

Distribution authorized to U S. Gov't. agencies
only; Test and Eval uation; MAY 1980. O her
requests shall be referred to Air Force Rocket

Propul si on Agency, STINFQ XQJ, Edwards AFB, CA
93523.

AUTHORITY

AL/ AFSC |tr, 23 Jan 1991

THISPAGE ISUNCLASSIFIED




Report AFRPL-TR-81-26.

LIGHTWEIGHT ADVANCED POST-BOOST VEHICLE jf
PROPULSION FEED SYSTEM DEVELOPMENT

ROCKETDYNE DIVISION

ROCKWELL INTERNATIONAL

6633 CANOGA AVENUE

CANOGA PARK, CALIFORNIA 91304

August 1981

Final Report, September 1977-April 1980

Distribution limited to U.S. Government
agencies only, Test and Evaluation,
May 1980. Other requests for this docu-

ment must be referred to AFRPL (STINFO) /X0J,
Edwards AFB, California 93523.

Prepared for: D l lc

AIR FORCE ROCKET PROPULSION LABORATORY ELECTE
IRECTOR OF SCIENCE AND TECHNOLOGY NOV 17 1881 -

IR FORCE SYSTEMS COMMAND _

WARDS AFB, CALIFORNIA 93523

D




NOTICES

When U.S. Government drawings, specifications, or other data are used for any
purpose other than a definitely related Government procurement operation, the
GCovernment thereby incurs no responsibility nor any obligation whatsoever,
and the fact that the Government may have formulated, furnished, or in any
way supplied the said drawings, specifications, or other data, is not to be
regarded by implication or otherwise, or in any manner licensing the holder
or any other person or corporation, or conveying any rights or permission to
manufacture, use, or sell any patented invention that may in any way be
related thereto.

FOREWORD

This report documents the results of Phase I, Feed System Analyses and Design
and Phase Il, Component and Subsystem Fabrication and Test of the Lightweight
Advanced Post-Boost Vehicle Propulsion Feed System Program. The work was
performed by Rocketdyne Division of Rockwell Internmational, 6633 Canoga Ave-
nue, Canoga Park, CA 91304, under Contract F04611-77-C-0068, Job

Order 634100P1, with the Air Force Rocket Propulsion Laboratory, Edwards AFB,
CA 93523. The contract was initiated in September 1977. The Air Force
Rocket Propulsion Laboratory's Project Manager is Roy Silver. R. D. Paster
was Rocketdyne's Program Manager, and Bill Stanley was the Project Engineer.

This technical report is approved for release and distribution in accordance
with the distribution statement on the cover and on the DD Form 1473.

g , Dol

- \ &7,’7 ///gbé\./—\, =

ROY &, SILVER BERNARD R. BORNHORST, Chief
Project Manager Strategic Systems Section

FOR THE COMMANDER

” ” g o
Ehraff Elees,
EDWARD E. STEIN

Deputy Chief

Liquid Rocket Division

SUBJECT TO EXPORT CONTROL LAWS

This document contains information for manufacturing or using munitions of war.

Export of the information contained herein, or release to foreign nationals
within the United States, without first obtaining an export license, is a vio=-
lation of the International Traffic in Arms Regulations. Such violation is

subject to a penalty of up to 2 years imprisonment and a fine of $100,000
under U.S.C. 2778.

roes

adih

R, AT

T
5%




UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Dete Entered)

REPORT DOCUMENTATION PAGE e

JRECONT 7. GOVT ACCESSION NO.| 3. RECIPIENT'S CATALOG NUMBER

AFRPL#TR-81-26 D= RHLD ‘Uﬂb

4. TITLE (and Subtitie)

/ | LISHTVEIGHT 4DYANCED sr BOOST_JEHICLE PROPULSION Final
ED )YSTEM VELOP } Sepam 7 .qpr. 8e

| 7. AUTHOR(e) . —r @*’ﬁ"&gg-na ANT NUMBERTA) "J
3 mp )faan -1rcfges .,

9. PEMFOAMING ORGANIZATION NAME AND ADDRESS 10. PROGAAM ELEMENT. PROJECT, TASK
Y, AREA & WORK UNIT NUMBE PS
Rockwell International I ) P

Rocketdynce Division - JON [%34100?1 //7 ) ﬂ%
6633 Canoga Ave. - Canoga Park, CA 91304 _— - ';7//
1), CONTROLLING OFFICE NAME AND ADORESS 2. RW OATE - -
Alr Force Rocket Propulsion Laboratory/LKCC Aug L/
Edwards Air Force Base, CA 93523 2 [ °‘*“ﬁ"‘/ '
’ 443 3) 444/

14, MONITORING AGENCY NAME & ADDRESS(/t different ftom Controiling Ollice) 18. SECURITY CLASSTFIMM_/
Unclassified

[1Sa. DECL ASSIFICATION/DO'NGRADING
SCHE ULE

b 6. UISTRIBUTION STATEMENT (ol thie Report)
4 Distribution 1fmited to U.S. Government agencies only, Test and Evaluation,
2 May 1980. Other requests for this document must,be referred to AFRPL(STINFO)/

X0J, Edwards AFB, CA 93523,
!

T

P ad e ww

17 OISTRIBUTION STATEMENT (of the ebefrect entered in Biock 20, if different 'rom Report)
i

Approved for Public Release; Distribution Unlimited

TESEETIY

I e
et

18. SUPI EMENTARY NOTES

ﬂ'. 19. KEY WORDS (Continue on reveree eide 1i necessery snd identify by biock number)

, Post-Boost Propulsion Systems, “'Propellant Feed Systems, Propellant Tanks,

" Expulsion Bladders, Ellipsoids, Composite Materials, Pressurization, Hot Gases,
Catalysis, Pressure Regulators, Electronic Equipment, Design, Analyses,
Fabrication, Test and Evaluation, Random Vibration, Structural Response

g LB

20. ABSTRACT (Continue on reveree side il neceseery end identify by block number)

An advanced development contract was conducted in support of the Air For:ie

Ballistic Missile program to demonstrate a lightweight liquid-bipropellant

feed system for application in an advanced post-boost’ propulsion system,

: The feed system is composed of composite-wrapped aluminum propellant storage
o tanks and a catalytically reacted warm-gas pressurization subsystem.

'“.‘ﬂ.'v_t;;s.

- Tank capability was demonstrated in workhorse expulsion characterization
tests (expulsion efficiency of 98.1 to 99, and £

DD , 5%, 1473  eoimon oF 1 Nov #8513 oBsOLETE UNCLASSIFIED 374177 )!{;}

SECURITY CLASSIFICATION OF THIS PAGE (When Daie Entered)

~ Y




- ailohalinaidliy Tectainl, :q

UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE When Data Entared) :

20. Abstract (Continued)

expulsion of a flight weight propulsion storahe assembly (PSA). The latter was
accomplished with a reprcsentative pressurization subsystem consisting of a 1
composite~wrapped aluminum pressurant taik with Tridyne pressurant (helium, |
oxygen, and hydrogen), an electronically controlled pressure regulator, a > /
catalytic reactor, and valves. The reactor supplied warm-gas pressurant to the
PSAs at up to 1158 F, The delivered propellant pressure was controlled to 300
t1.4 psia during pulsed propellant flow by continuous modulation of the pres- _
surant flow. 1\ ﬂ

The feed system was sized to deliver 1400 pounds of N20, and MMH with each PSA »
welghing 59 pounds, and the PS weighing 41 pounds. The resultant weight savings ;‘
i

was 27 to 35 percent when compared to more convemntional systems.

P——

Lﬁccession For '
NTIS omas1
DTI” TR ’
Unanarinced M
Juat Tieation

———
— .

S—— DTIC

| Distribution/ ELECTE

e

| Availability Codes , NOV 17 1981
vail and/or J
,_ Dist Spr.oial

P | °

i il

da e

b S

UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE(When Date Entered)




T

Ao i ki

“

T TN T T

SUMMARY

Arn advanced development program was conducted in support of the Air Force
Ballistic Missile Program to analyze, design, fabricate, and test a light-
weight feed system for application in an advonced postboost propulsion
system. The objective of this program was to demonstrate, through component
and system-level testing, an advanced liquid-bipropellant feed system that
was significantly lighter weight than those developed during the earlier feed
system technology programs, while maintaining the emphasis placed on high
reliability and low life cycle cost. The demonstration tests included

propellant expulsion performance and structural dynamic response.

The flightweight and prototype (test) lesigns of the propellant storape asscm-
blies (PSAs) and pressurization subsystem (PS) are presented with their oper-
ating characteristics. The feed system was sized to deliver 1400 pounds of
NZO& and MMH at equal volumetric flowrates. Each PSA is comprised of a
composite-wrapped aluminum tank, a reversing aluminum diaphragm for positive
expulsion, pressurant inlet and propellant outlet isolation valves, a fill
and drain valve, a vacuum scrvice valve, and a vacuum gage Lube leak detector,
The tank ls oblate with a contour that deviates slightly from an ellipse to
achieve stresses compatible with the nonisotrupic characteristics of the
composite wrap. The contour also enhances uniform reversal of the diaphragm
and provides an increasing margin of diaphragm stability during the expulsion
cycle, compared to a constant-radius contour. The diaphragm has step-thick-
ne. 5 changes to preclude local folds from propagating along the diaphragm

surface to the major axis and to minimize center-of~gravity excursions.

Diaphragm design requirements were defined, manufacturing processes were
developed, and repraiable expulsion performance was verified experimentally
in a flanged, plastic workhorse tank., Eight diaphragms were expelled at low
pressure (25 psig) with ambient tcemperature gas, including two that were pre-
ceeded by acceleration to 15 g's while in a pressurized, partially reversed
condition. There were no tight folds or cracks resulting from normal dia-

phragm operating conditions. The expulsion efficiency for four tests with
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tte selected design configuration was 98.1 to 98.2 percent at a diaphragm AP
o{ 25 psi with the tank both horizontal and vertical. Up to 9C percent
expelled, the AP was less than &4 psi. The maximum CG displacement from

the polar (expulsion) axis was 1.0 inches for both tests with the polar

axis vertical and 1.9 inches for both tests with the axis horizontal.

Three diaphragms were expelled and one was exposed to structural dynamic
testing in a flanged, metal workhorse tank. The expulsion efficiency attained
with the plastic tank was verified at design pressure (300 psia) with warm

(up to 1192 F) gas pressurant. Both tests were 99.3 percent at a AP of 50 to
54 psi. The effectiveness of the mechanical design of the pressurant inlet
section of the tank in thermally isolating the tank shell was demonstrated

during pulsed and continuous expulsion duty cycles.

Unpressurized ground random vibration, and pressurized flight shock and ran-
dom vibration tests were conducted with the fourth diaphragm in che metal
workhorse tank. The diaphragm survived the first two environments, but three
fatigue cracks developed during pressurized flight random vibration. Two
axes were tested simultaneous with the tank mounted at 45 dcgrees relative to
the shaker motion. Although diaphragm fatigue life is a problem, its magni-
tude is unknowm for four reasons. First, the vibration environments were
derived from MX requirements, but they were applied as inputs (at the fixture)
rather than responses (on the tank), which increased the test levels. Since
the diaphragm in the flightweight tank was not tested, the comparative influ-
ence of the workhorse tank on the diaphragm is not known. Shaker limitations
prevented full level shock tests. Finally, the unintentional presence of a
noncondensible gas on the liquid side of the diaphragm may have contributed

to the failure.

The fundamental response characteristics of the diaphragm were determined
using strain gages. Peak strains rolled-off significantly at frequencies
above 225 Hz. Maximum diaphragm strain gage measurements during ground ran-
dom vibration (22 p - in/in peak) were considered too low to cause any damage,

even for 10 hours duration. Higher peak strains (up to 380 p - in/in) were
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recorded during the shock test, but a maximum of four cycles was observed,
which also should not cause =ignif icant damage. Full shock levels were not
achieved above 110 Hz, however, and contributions to fatigue damage due to
shock are therefore possible. Peak strains were 650 u - in/in during pres-
surized flight random, which, when coupled with concentration factors asso-
clated with folds, is sufficieut to predict failure. Metallurgical evalua-
tions confirmed the crack initiation and propagation was due to fatigue, and
failed to provide any evidence of abnermal material properties that would
have an apprciable effect on fatigue life. Since potential diaphragm fatigue-
life problems related to vibration of 1100-0 aluminum had been identified
during the metal workhorse tank vibration test and other AFRPL feed system
technology contracts, it was decided to resolve the problem by changing the
scope of one of the other contracts, and additional diaphragm structural

dynamlc tests were deleted from this contract.

A composite-wrapped flightweight propellant tank was fabricated and tested.
Fabrication processes were developed for Kevlar/epoxy wrapping of an aluminum
liner assembly in a heated enclosure. Experiments were conducted that demon-
strated that laser holography is an extremely useful technique for locating
unbonded regions as small as 0.25 inches between the tank liner and composite
wrap:l Fabrication and testing of this tank confirmed the weight savings

(27 to 35 percent) achievable with a wrapped tank and a 98 percent expulsion
efficiency. The inert weight of 59 pounds could be reduced even further by
redesigning the "universal" mounting ring, which weighed 12 pounds, to meet

specif ¢ application requirements.

Externa! leakage with an internal pressure of 315 psig was less than 10-8 SO
helium. A pulsed-flow expulsion test was conducted at design pressure with
warm gas pressurant (up to 1042 F). This test demonstrated the structural
integrity of the tank, expulsion performance and the adequacy of the design

in minimizing the heat transferred to the tank shell. The maximum composite
outer surface temperature was 202 F, which had no apparent degrading effect.

The final pressurant gas bulk temperature was 150 F for a 61 F initial




teperature. The propellant (water) temperature increased 14 F, with half of

this value occurring during the last 8 seconds of the 665-second duty cycle.

The structural dynamic response characteristics of the tank she!l were deter-
mined during unpressurized ground random vibration (1 g rms, 5 to 500 Hz),
unpressurized and pressurized random vibration (13 g rms, 10 to 2000 Hz) and
pressurized shock tests. There were no significant tank resonances below

80 Hz, The maximum transfer function gains during ground random were 3 to 5.5
at frequencies between 400 and 500 Hz on the mounting ring, normalto the polar
axis, and 3 to 6 at frequencies between 100 and 500 Hz on the aluminum polar
bossvs, both normal to and along the polar axis. The maximum gain measurcd
on the composite was 2 at 400 Hz. During flight random, the maximum gains
were 5 to 10 at frequencies between 400 and 1500 Hz on the mounting flange,
normal to the polar axis, and on the pressurant polar boss, along the polar
axis. Gains between 10 and 26 at frequencies between 400 and 1000 Hz were
measured on the composite. There was no significant difference in response
due to pressurizing the tank to 75 psig. No structural damage was found as

a result of the vibration and shock tests.

A liner-to-liner EB weld crack occurred as the burst pressure was attained
during a hydrostatic pressure test after the expulsion and vibration/shock
tests. There was no evidence of any other damage. The crack was the result
of a tensile overload caused by crevice-type corrosion extending half way
through the weld. A continuous line of porusity extending past the crack
accentuated the corrosion. The corrosion was due to residrsal water from the

expulsion test conducted five mouths earlier.

The PS consists of a composite-wrapped aluminum pressurant tank, Tridyne
pressurant fluid (gaseous mixtdre of helium, oxygen, and hydrogen), a fill
and drain valve, a prussurc switch leak detector, a pressurant isolation
valve, an electronically controlled pressure regulator, a reljef valve, and
a catalytic reactor. Propellant pressure is sensed by a oressure transducer
and the error signal 1is conditioned electronically using proportional and

lead-lag compensation. The elactronics assembly output current drives a
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torquemotor in the regulator assembly. The torquemotor positions the pilot

valve which in turn controls the pressure acting on the diaphragm to position

the regulator's main valve. Thus, the pressure and flow to the reactor are
N modulated to compensate for duty cycle variations in system pressure drops.

The PS weighs 41 pounds.

A catalytic reactor and two clectronically controlled regulators were fabri-

cated and tested, first as components to optimize performance, and then as

part of the pressurization subsystem used with the flanged metal workhorse j
and welded flightweight tanks. When tested with the workhorse tank, the

temperature rise of the Tridyne from the inlet to the outlet of the reactor
was 99 percent of theoretical, during the major portion of the continuous-

expulsion duty cycle. The temperature rise during a pulsed duty cycle with

the workhorse tank was 91 to 95 percent of theoretical. During a different

puised cycle with the flightweight tank, the reactor's performance was 75

to 90 percent. Steady state conditions were never reached with the pulsed

o cycles. Inefficiencies were due to incomplete reaction and heat loss. The
y . response of the 1.2-inch diamcter, 2.0-inch long catalyst bed was very fast.
_' During Inltial tank pressurizations, rcactor oullet gas temperatures of 1050

to 1223 F were achieved {n 4 seconds. Vibration and shock tests did not

3 -~ cause any breakuge of the catalyst.

i The final pressurant gas bulk temperature in the workhorse propellant tank
sj was 185 to 201 F at the end of the continuous expulsion duty cycle. The

in‘tial temperature was 69 F. The final bulk temperature during the pulsed
{ cycle was 90 F, with an initial temperature of 59 F. At the completion of
a different pulsed expulsion of the flightwaight tank, the bulk temperature
was 150 F, with an initial temperature of 61 F.

The electronically controlled regulator was very accurate during both compo-
nent and subsystem tests. These tests were conducted after vibration and
shock tests. Initial pressurization of the workhorse propellant tank

(to 300 psia) resulted in a 2.1 psi overshoot, but it dissipated in 0.1

s..onds. Peak-to-peak oscillations of 1.0 psi were observed for a short
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time during the initial portion of the hold period, prior to initiz:ilion of
propellant expulsion. During pulsed expulsion of the flightweight tank, the
propellant pressure was maintained within 20.4 psi except during the last

high-flow pulsc. During this pulse, the ¢rror was tl.4 psi.
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INTRODUCTION

At advianest development program was condoactod in osnpport of the Al Foree
allistlc Misslle program.  Reeent exploratory development proprams, whilch
were initiated to minimize risk during weapon system development of an
advanced post-boost propulsion system (PBPS), emphasized low life-cycle cust
and high reliability. However, changing requirements demanded greater
emphasis be placed on the reduction of inert weight. The propellant feed
system is a major contributor to PBPS weight and has the most potential for

reduction. The feed system i1s also the most critical in terms of 15-year

operational life.

The objective of this technology program was to demonstrate an advanced,
liquid-bipropeliant feed system incorporating design features that: (1)
significantly reduced advanced post-boost propulsion feed system weight, (2)
maintained or improved upon the high reliability demonstrated by the Minute-
man 111 Propulsion System Rocket Engine (PSRE), (3) provided for deployment
in a mobile environment without maintenance and with minimal condition moni-
toring, (4) was compatibie with the launch dynamic and nuclear environments,
and (5) provided a low life-cycle cost. The baseline system, shown schemat-
ically in Fig. 1, employes a positive-expulsion tankage configuration with
wiarm-gas pressurization. The propellant storage assemblics (PSA's) iunclude
Itphtweight, fllament-wrapped propellant tanks with aluminum diaphragms to
contain and expel the dinitrogen tetroxide (Nzoh) and monomethylhydrazine
(NlHBCHB’ MMH) propellants; propellant and pressurant isolation valves;
vacuum service valves; fill and drain valves; and vacuum gage tube leak
detectors. The warm-gas pressurization subsystem consists of Tridyne pres-
surant (mixture of gaseous uxygen, hydrogen, and helium), a filament-wrapped
pressurant tank, a fill and drain valve, an isolation valve, a pressure
switeh leak detector, an clectronleally contrulled pressure regnlator with
integral relief valve, and a catalytic reactor. This system resulted in a
27 to 357 weight reduction relative to those developed on the AFRPL low-cost

fecd system programs with a lower production cost due to design simplicity.
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Figure 1. Propellant Feed System Schematic
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The program plan to accomriish the stated objective was divided into three

phases. Design and analyscs were accomplished in Phase I to generate de-
tajled designs and operating characteristics of the flightwelght teced system
and prolotype test hardware. Parametric design layouts and component welight,
cnveloupe, and cost data were also completed. Hardware was fabricated and
tested at the component and subsystem levels during the Phase Il cffort.

The program was cancelled at the completion of Phase 11. Phase T11 would
have included the fabrication and testing of two complete feed systems and
the fabrication, acceptance testing, and delivery of two flightweight PSA's

to AFRPL for long-term storability and operation demonstrations.
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ENGINEERING ANALYS. 5 AND DLSIGN

Detalled engineering analyscs and design were performed on the originally
proposed feed system to further defin: the operating parameters and design
chiracteristies.  The purpuse was to cnithle sclection of the optimum welght
design, subject to the technical requirements and program goals. The feed ,
system was separated into two major subsystems, the two propellant storage
assemblies and the pressurization subsystem. In addition to the flight-
weight PSA, analyses and detalled designs were conducted for the prototype
plastic and aluminum workhorse tanks. Both flightweight and prototype
pressurization subsystem analyses and designs were also conducted. Func-
tional compatibility of the subsystems during steady-state and transient
operating modes was analyzed and a typical stage installation design was

prepared.

FLIGHTWEIGHT PROPELLANT STGRAGE ASSEMBLY

The two propellant storage assemblies provide for storage and delivery of

:_ N204 and MMH propellants to the engines, The identical tanks are sized to
5 t
] deliver a total of 1400 pounds of propellants to the engines. :
f Fach tank consists of a composite-wrapped aluminum liner with an aluminum
diaphragm for positive expulsion. In addition, each PSA includes pressurant
E v iniet and propellant outlet isolation valves, a fill and drain valve, a
3 vacuum service valve, a leak detector, and a mounting ring.
A
This acction includes descriptions of the flightweight PSA envelope, compe-
2 nent designs, static stress analyses, diaphragm reversal, operating tempur-
3
; atures, structural dynamic response, and fabrication sequence. Table )
] summarizcs PSA design characteristics.
q
;.'
2
1
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TABLL 1. PSA DESIGN CHARACTERISTICS

. Capacities, Ft>
Propellant 10.57
Liner 'nner Wall 10.6€

Pressures, psi

Delivered Propellant 300.0
Maximum Pressurant (at ep 99%) 324.2
Design xp 350.0
Proof 385.0
Burst 5

Dimensions (pressurized), inches

Length 4o.1
Width 40.1
Heiyht 31.2

Efficiencies, ¢

Volumetric 99.2
Expulsion (at AP = 25 psi) 98.1

Tank Sizing

In sizing the propellant tanks to deliver 1400 pounds of propellants to the

englnes, several factors were considered, including line volume, storage

Ly el

1

E temperature, expulsion efficiency, and propellant vapor ullage volume.
Equation 1 shows the relationship between these parameters.

Volume = 5
Tl
€, - (l—nExp) (pTZ)
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where

wL = Weight In lines at minimum operating temperature
wD = Weight delivered to engines

;= Density at maximum storage temperature

KU = Ullage factor

nExp = Expulsion efficiency

OTZ = Density at minimum operating temperature

The weights of the oxidizer and fuel in the lines between the tank outlet
valves and the engine inlet valves are 4.6 and 2.6 pounds, respectively,

The delivered propellant weights are 866.3 pounds of N and 533.7 pounds

(]
of MMH. The oxidizer densities are 92.46 and 86.03 lbffi3 and fuel densi-
ties are 55.53 and 52.93 lb/ft3 at 40 and 120 F, respectively. The ullage
ractor is 1.01, i.e., the propellant vapor volume is 17 of the tanked liquid
volume at 120 F. An expulsion efficiency of 0.97 was selected for sizing,
although 0.981 was achieved with a diaphragm pressure differential of

25 psi.

The resultant fluid volumes contained within the diaphragm and propellant
outlet liner are 10.57 ft3 (18,267 1n.3) par tank. The tank liner internal
volume, which also Includes the diaphragm, pressurant ullage, and inlet and

outlet plates, [s 10.66 fl3 (18,413 1n.3) in the unpressurized condition,

Internal dimenslons of the virgin tank llner arc 36.21 by 36.21 by 25.62
inches in the unpressurized condition, resulting in a diameter ratio of
1.41., The larger diameter corresponds to the outlet half and therefore
neglects the offset in the inlet half where the diaphragm is attached. The
smaller diameter results from extrapolating the contours at the poles to
the centerlines of the nressurant inlet and propellant outlet ports. When
pressurized to 350 psia, the major axis grows to 36.24 inches and the minor
axis to 26.16 inches. The envelope dimensions of the virgin PSA; including
valves and the mounting ring, are 40.02 by 40.02 by 30.66 inches unpressur-

ized. The PSA major and minor axes also grow by 0.03 and 0.54 inch, respec-

tively, when pressurized.
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Tank Design Description

The PSA design is presented in Fig. 2 and details of the girth joint are
shown in Fig. 3. The tank liner assembly 1s comprised of pressurant inlet
and propellant outlet half liners, joined by a girth weld at the equator
(Fig. 3). Both the inlet and outlet half liners are constructed of 5086-0
aluminum for propellant compatibility and ductile weld properties. The
thickness of the liners is nominally 0.32 inch, but it thickens locally at
the equator to provide sufficient material for the girth joint and mount
ring attachment (Fig. 3), and at the polar openings for welding to their
respective polar bosses (Fig. 2). The polar boss material is 5086-H34 to

provide the bending strength at the 6.0-inch-diameter helical wrap opening.

The outlet half liner has 36 cqually spaced meridional ribs on the laside
surface to ensure flow passages from the girth to the outlet plate at the
end of the expulsion cycle, when the diaphragm is against the cutlet half
liner. The ribs are formed by chem-milling the area between them, starting
0.25 inches from the equator. The ribs are 0.03 inches high and 0.18 inches
wide.

The diaphragm is made of 1100-0 aluminum to provide sufficient ductility
during the reversal mode. It is welded to the outlet half liner as shown

in Fig. 3. This weld is iundependently adequate to transmit all forces during

internal pressure sizing of the dilaphragm against the inlet half liner prior
to propellant loading and during reversal of the diaphragm to expel propel-
lants. At the equator the diaphragm skirt is sandwiched between the liners

for additional structural suppor:.

The diaphragm is contained within and contacts the inside surface of the
inlet liner. 1In the area of the inlet polar boss, the diaphragm is flat and
contacts the pressurant diffuser frontplate, the {inlet support plate, and the
inlet liner ring as shown in Fig. 2. The diaphragm has a stepped wall thick-
ness ranging from 0.026 inch at the pole to 0,044 inch near the equator to ;
provide additional stability during the reversal mode. The thickness at the 3
equator weld joint 1s 0.061 inch.
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The inlet diffuser plate assembly, consisting of a welded frontplate and

backplate (Fig. 2), provides a plenum that receives the pressurant gas and

ditfuses it hefore ft impacts the diaphragm. It {s made from 3041 stainless
- steel to withstand the warm pressurant gas (1025 to 1051 F). The diffuser

backplate is welded to the lower steel section of the bimetallic 5086 aluminum/

304L steel tube as shown in Fig. 2., The upper aluminum section of the Lube

is welded to the inlet polar boss. The bimetallic tube thus permits join-

ing of the steel and aluminum components. The pressurant inlet valve has

a1 304L stainless~steel outlet tube that fits within and is welded to the

steel section of the bi-metal tube. Contact be. <en these tubes is minimal

to provide thermal insulation between the warm pressurant gas and the aluminum

polar boss. This design will minimize the tank liner and composite overwrap

temperatures.

Both the inlet support plate and inlet liner ring are made from 5086-0 alumi-

q ..,
NHT . Thi

fner ring is welded to the iniet half liner and mechanically lholds

the support piate In place.

The inlet polar boss, which is welded to the tank liner, also serves as the

mounting structure for the leak detector and vacuum service valve as shown

in Fig. 4. The 304L stainless-steel leak detector is welded to one end of a R
bi-metal tube, while the other end is welded to the polar boss. The 5086

aluminum vacuum service valve is threaded and mounted in a 5086 adapter plate

that is welded to the polar boss. A 5086 valve cap is welded to the adapter |

plate.

The polar boss in the propellant outlet half liner is welded to the liner at
two locations and is used for mounting the propellant outlet valve and the
propellant £i1l and drain valve as shown in Fig. 2 and 5. The propellant
outlet valve has a 5086 aluminum inlet tube that is welded to the polar boss

in two places. The 5086 fill and drain valve body and its cylindrical cap 1

also are welded to the polar boss. End plates are then welded to the valve

body and outer cap.

F# The outlet polar boss also supports a collector plate (Fig. 2) that provides .

a pattern of holes and channels to ensure propellant outlet flow passages.

28 |
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This plate prevents the diaphragm from covering the outlet port. The
collector plate, made from 5086 aluminum, is welded to the polar boss at

its outer diameter.

Both inlet and outlet polar bosses have threaded holes to attach the removable
handling fixtures shown in Fig., 6. The fixtures are designed to (it aver

the valves and leak detector to permit appropriate attachment for filament
winding and subsequent pressure testing through the vacuum service valve

and the propellant fill and drain valve.

Prior to filament winding, the liner assembly surface 13 prepared for bouding
the composlite overwrap to the liner. The Kevlar 49 {iber, wet with epoxy
resin, Is helically wound around the liner assembly to form the composite
structure. The thickness of the composite wrap varies from 0.032 inch at

the equator to 0.411 inch near the polar boss opening. An elastomeric girth

band is placed around the wrapped tank assembly for fitup between the girth
mount band and the tank as shown in Fig. 3. This band also is used to help

isolate the tank from forces transmitted by the tank support links.

The 2219-162  aluminum girth mount ring assembly is a box-scction design
to provide the required stiffness under externally applied static and dynamic
loads. It is assembled around the elastomer band and held in position by a

circular-wound composite wrap. The wide part of the assembly, which is in

contact with the tank, consists of a one-piece, full-circumference ring

g. that s stit and l'ltted with a mechanically attached coupling to permit

proper adjustment to the tank. Four spacer bars are weided inside the ring

at _he PSA mounting points for support. The larger diameter C-section is

b Sk Clee

welded to complete the assembly. The l2-decree angle of the outside liner

surfaces at the equator provides a structural resistance to side slippage

e

of the ring under mount load components parallel to the polar axis. The
box section stiffness prevents excessive deflections of the mount ring in

the twist and inward radial directions, relative to the tank axis, which

il Sl

would cause buckling of the thin-wall tank structure.

_,,w T
.
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Attach locations of the tank supporting links are shown in the view of the
tunk presented in Fig. 7 and 8. Links 1 and 2 take the stage radial and
axial loads, respectively, on each side of the tank. Links 3 and 4 at

the aft end and the pin at the forward end take the transverse lateral
loads. Links 3 and 4 also act as stahilizers to prevent tank rotation {
under radial loads about the stage lateral axis at the link 1 joint. The
pin at tne forward end has slots to permit sliding and precludes redun-
dancy with links 3 and 4.

Static Stress Analysis

Static stress analyses were conducted to optimize the tank contour and

determine stress levels and deflections associated with the load-beariny

parts. The primary areas of concern were the girth joint, the polar

bosses, and the composite. 1In addition, inward buckling under vacuum

propellant-loaded conditions was analyzed.

§, Tank Centour. Initially, the propellant tank design was an oblate spheroid, !
E f.e., an eiIiptical contour-of-revolution about the minor axis, with pro- 1
5 — pellant expulsion in the direction of the minor axis. An internal surface !
1 diameter ratio (a/b) of approximately 1.4 vas selected to fit the required ;
; envelope; 1t also represents a good compromise between minimum weight and %
: a uniformly reversing diaphragm. A spherical tank would result in the {
: minimum weight for a given contained volume, but the constant radius of 2
§_ curvature contour dees net enhance uniform reversal of the diaphragm.

Initial buckling of a spherical diaphragm is equally likely at any surface

—

- iocation of a constant-thickness section. An elliptical shape, however,

rR———

results in an Increase in the pressure differential required for the

undesirable buckling mode to occur as you move away from th: minor axis.

This is caused by the decreasing radius of curvature and provides an
o increasing margin of stability as the diaphragm reverses. Because of the

large radius of curvature at the minor axis, the initial reversing
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(buckling) starts there and then progresses outward in concentric circles
via the rolling mode to areas of decreasing radius of curvature. The
- rolling mode occurs because a smaller pressure differential is required

comparcd %o buckling.

The composite-wrap design analysis by Defense Products Division of
Brunswick Corp. resulted in a change of the contour fro.. an oblatec
spheroid (elliptical cross-section). The nev shape is still oblate and
in fact is nearly elliptical. Compared to the original ellipse, the new
contour has smaller major and minor diameters and bulges outward midway

between the two, as shown in Fig. 9. This contour is hased on an analysis

that rclates the meridional and tangential (hcop) curvatures and the
local filament wind angle so that the resultant stress 1s directed parallel
to the fiber. As a result of this '"balanced loading," there 18 no

tendency for the fiber to slip when the tank 18 pressurized.

The membrane load relationship for a shell is expressed by |

Nt rt 4
L., 2L 2 :
- 2= (2) !
m m
where
Nt = Tangential running load
Nm = Meridional running load
r, = Tangential curvature
r, = HYeridional curvature
s 36
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This leads to the following contour equation:

Ne

R" R= {1+ (R") 2] [— ~ 2] (3)

Np

where

Radial distance from polar axis

=
"

First derivative of R with respect to 7

b=}
i

Second derivative of R with respect to 7

"

Axial coordinate

&2
]

The contour coordinates o. the inside surface of the liner are presented in
Table 2, which also detines the colinear radii of curvature Rl and Rz.
Radius R, 1is the curva‘*ure of the contour at a point in the meridional

1
planc. Radius R, ir the length of the line perpendicular to the contour

2
from the contour to the intersection of the polar axls. These two radli
were used to establish the buckling and rolling of the diaphragm during

expulsion.

Liner and Polar Boss Stresses. Based on Rocketdyne's stage weight

optimization analyses in support to the MX Stage IV proposal, a delivered
propellant pressure of 300 psia was selected. This results in a maximum
tank pressure at the end of the expulsion cycle of 324 psia. An inten-
tionally high tank design pressure of 350 psia was selected, however,
because the relief valve is set at this value. The proof and burst
pressure safety factors (1.1 and 1.25, respectively) were applied to

350 psia to vield values of 385 and 437.5 psia. Referenced to 324 psia,

the safety factors are 1.19 and 1.35, respectively.
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TABLE 2.

TANK LINER CONTOUR

[—;omposlte Liner R R,,
Coordinates, Inches | Thickness, | Thickness, | ®y» 2 g,
Point R Z | lnch inch Inches | inches | degrees
I 18.104 0.000 0.0320 _j
2 17.563 3.500 0.0334 0.032 ‘
3 17.398 L.156 0.0337 0.032 9.235] 18.162 16.234 ,
4 17.182 4,808 0.0342 0.032 9.392{ 18.39] 20.519
5 16.919 5.44] 0.0347 0.032 9.539( 18.654 24,632 I
6 16.611 6.054 0.0354 0.032 9.716( 18.984 28.792 i
7 16.261 6.643 0.0362 0.032 9.926| 19.374 32.807
& 15.872 7.205 0.0371 0.032 10.171 19.927 | 36.726
9 15.446 7.739 0.0382 0.032 10.454 20.346
10 14,986 8.243 $.0395 0.032 10.776 | 20.936
1 14, 49¢ B.716 0.0409 0.032 111431 21.602
12 13.979 9.157 0.0425 0.032 11.558 22.350
13 13.438 9.566 0.0443 0.032 12.028 | 23.138
14 12.876 9.943 0.0464 12.558 | 24,123
15 12.297 10.287 0.0488 13.156| 25.164
16 11.703 10.600 0.0515 0.036 13.834 26.323
17 11.097 10.882 0.0546 14,602 27.609
18 10.483 171.134 0.0582 15.478 29.035
19 9.863 11.357 0.0623 0.04) 16.480 | 30.614
20 9.240 11.554 0.0672 17.636 | 32.355
21 8.617 11.725 0.0730 18.983 34.265
22 7.997 11.872 0.0800 0.046 20.573 | 36.340
I 23 7.500 11.957 0.0833
24 6.700 12.072 0.0990
25 6.400 12.110 0.1100
26 6.000 12.150 0.1300
27 4,800 12,150 0.1690
L L L]
POLAR AXIS
R Z
39
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The structural areas of the tamnk liner and diaphragm assembly felt to be
the most critical are the girth weld and the polar bosses. Figure 10
illustrates the girth weld areas while Table 3 gives the type of stresses,
the operating conditions, the induced sfresses, the allowable strengths,
and the resulting safety factors. It can be seen that ample margin exists
for all critical areas. The proof "slzing" condition occurs during proof
test of the wrapped tank in which the liner yields to match the expansion

of the overwrap.

Analysis of diaphragm Section D and the liner/diaphragm weld (E) was
conservative in that friction between the liners and diaphragm was ignored.

Also, a weld efficiency of 80% was assumed.

The load directions associated with each mounting link were shown in

Fig. 7 and 8. The maximum magnitudes of the loads as presented in

Table 4 are 15 g's axial and 4.4 g's radial and lateral.

o

-

|~a—— DIAPHRAGM

Figure 10. Critical Structural Areas
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TABLE 4. MAXIMUM STRUCTURAL LOADS

- Acceleration, g's | pressure, Diaphragm ’
Axial Lateral psla Reversal, % Load Condition
2.0 b4 0 0 Ground Handlling
-15.10) t1.6 350 12 Stage 1V Separatlon .
- 1.0 +0.26 350 50 Expulsior ’
- 1.5 .39 350 90 Expulsion i

When the girth mount is analyzed as a free ring, i.e., without being sup-
ported by the tank wall pressurized to 350 psia, the maximum twist
deflection is 1.7 degrees, well within the yield point of the material.

When considering the support provided by the tank, the deflections reduce
substantially (almost an order of magnitude), so that the girth ring !
mounting concept should prove to be a reliable method with high

structural margins.

Composite Helical Wrap Stresses. For balanced loading, neglecting any

structural contributions of the resin matrix

2
_i = tan Q

=z

where
Nt = Tangential running load
Nm = Meridional running load
0 = Local wind angle

1 . 42
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This angle is defined by the foliowing equation

TR S .
& @ sin (r 7 (5)

where I is the distance of the ~entec of the winding band to the polar
axis at 1ts clogest approach aand r, is the lecal value of this distance.
As indicated by Eq. 5, the wrap angle increases along the contour from

the equator (approximatcly 11 degrees) to the polar axis (30 degrees).

The louad-sharing contribution of the aluminum liner also was neglected.
At the design operating pressure, the liner is plastic and carrles only
about 10% of the load, It therefore serves primar{ly as a permeation

barrier and wrap support.

In comparing the ellipse with the new balanced load contour, the envelopes
are not significantly different. However, the tangential and meridional
curvatures, and therefore the tangential and meridional running loads, are
significantly different. The running loads were calculated frem the

following equations

N,= o (2= ) (6)

where

p = Pressure

r, = Tangential curvature

r., = Meridional curvature

m

and are presented in Fig. 11.
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Figure 11, Composite Running Loads
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The stresses were found by dividing the running loads by the local

composite thickness, which varies according to

RRef, 9% %gef

R’ (cos o ) (8)

. Ref(

where

R = Radial distance from polar axis

Subscript "Ref" = Reference value

The calculated thicknesses were presented in Table 2. The resulting
stress curves (Fig. 12) show how the balanced-load contour takes best
advautage of the fiber characteristics. At the larger radii, the wind
angle is relatively small so that the meridional stress is high and the
hoop stress is low. As the radius decreases, the wind angle increases
and the fiber carries lower meridional loads and higher hoop loads. 1In
contrast, the hoop stresses for an ellipse peak at an intermediate radius
where the fiber is still at a relatively low wind angle. This overstressing
causes excessive deflections and shear stresses in the non-isotropic
composite material and results in a low burst pressure (approximately

100 psia). This problem would not occur with an all-metal elliptical

contour, however, because of its isotropic material properties.

Brunswick test data show single-filament Kevlar fiber stresses to be
approximately 500 ksi. This value is discounted to 320 ksi as a con-
servative allowable design fiber stress when helical winding several
filaments per band. This accounts for differing filament tensions which
affect their local load-sharing characteristics and filament damage
(nicks and scratchs) during handing and application. Because of the

relatively low tank pressure, only two layers of filaments with the
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mlulwn recommended wrap density (fllaments per Incl) 1o requlred,

fven

with this minimum wrap, the tank pressure required for the actual stress
to reach the allowable stress ls 600 psia. Since the deslgn burst
pressure is 437.5 psia (233 ksi stress), additional design margi: is
provided. Since very little directly applicable test data are available
relating to environmental effects (aging and temperature), this margin
has been allocated to meet any degradation from these scurces. Whether

it is adequate is not known, but some information is available with

respect to thermal effects.

The maximum time that the composite temperature is above 200 F is
approximately 6 minutes and occurs during Mission Duty Cvcle (MDC) 1:.

The worst-case maximum local temperature is 285 F during MDC I.

Previous testing of single filaments maintained at this temperature (285 F)
for 30 minutes in an oxidizing air environment showed a degradation of
approximately 72 ksi, compared to the 87-ksi available margln. The data
are not directly applicable, however, because single filaments were used.
It should be noted that because of the balanced-load helical wind design,
there should not be any movement of the filaments if the epoxy resin

softens due to heating during the expulsion cycle.

Tank Deflections. Deflec{ions of the wrapped tank under internal pressure
were evaluated and the results are presented in Table 5 for the geometry
presented previously in Table 2, Deflections of the liner internal

surface at three points are tabulated for proof and design pressures. At
any polnt, deflned by the coordinates R and Z, there {8 an ontward AR and
AZ.. Under proof pressure testing there is some ylelding of the aluminum
liner while the overwrap deflects, as evidenced by comparing the deflections
at proof and post-proof pressures. The AR deflection at the girth was
designed to have a negligible value to minimize the stress on the

diaphragm weld. The large AR at the pole during proof testing requires
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TABLLE 5. TANK DEFLECTIONS

Virgin Proof Post-Proof Operating

(0 psiq) (385 psig) (0 psiq) (350 psiq)

Location k| 12 MR | a2 R | az sR | Az

A (Equator) 16.104 | 0.00C | 0.016] 0.000 | 0.005| 0.000 | 0.015| 0.000

B 13.979| 9.157 | 0.009! 0.087 | 0.015]0.017 | 0.006 | 0.078

C (Near Polar | 6.700| 12.072 | 0.024}| 0.291 | 0.010]0.013 | 0.022 | 0.268
Axis)

balancing the pressure across the diaphragm to prevent its movement.
The post-proof deflections indicate the amount of diaphragm sizing to
the liner that is required prior to loading propellants. These values
are minimal and will not appreciably cold work the annealed aluminum
diaphragm. At the 350-psi> design conditions, all deflections are
elastic. The deflection at each pole is 0.268 Inch at 350 psig.

The loads created at the poles by the pressurant and propellant tubing as the
tank deflects due to pressurization is dependent on the tubing design, i.e.,
bends and attachment to the stage structure. Since these aspects of the
tubing design were not considered, the polar boss was designed for a moment
of 160 in.-1b, which is the value required to yield a 0.5-inch-diameter,

0.028-inch-wall, 300-series stainless-steel tube.

Tank Buckling. An important design consideration was the inward buckling of
the composite-wrapped tank wall under vacuum loaded propellant storage con-
ditions. The lightweight, thin-wall structure has a large curvature and is
susceptible to this failure mode. The critical buckling pressure is a func-
tion of modulus of elast.city (E), wall thickness (t), Poisson's ratio (v),

and normal radius (R).

2
0.5 ‘R (9)

P = K 2E t)

301 - v)]




The coefficient K accounts for variations from the theoretical relationship
based on test data. A value of 0.301 was taken from the Von Karman and Tsicn
results shown in Fig. 13. Column A of Table 6 shows the buckling pressure

for theoretical spheres of radius Ry at the contour points shown in Fig. 14.
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Figure 13, Buckling Coefficient

STIFFENING
RING

Figure 14, Buckling Pressure Illustration
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These are conservative values since the stiffening effect of the smaller R,
is not considered. The results indicate that buckling can occur between
noint 5 and the polar boss, i.e., less than atmospheric pressure is required.
Column B assumes that stiffening rings of composite material, vhich are
bonded to the wrapped tank, would force the buckling mode from Ry to Ry.

The results indicate ample pressure margin even at location 7 (36.19 psi).
Cotumn C shows how the tank liner thickness could >e varied to maintain a
buckling pressure of 18.75 psi without stiffeners. This results in a weipht
fncrease of about 1.0 pound. The tank liners were therefore modified to the

thickness contour shown in column C with a minimum of 0.032 inch.

Based on the factors considered, tl s analysis is belfeved to be conserva-
tive; however, it should be noted that the values shown assume a perfect bond
between the liners and composite overwrap. This bond is very important to
resisting buckling, e.g., without any bond, Fhe buckling pressures at the
most critical locations (near the poles) would be 0% of the values listed.
For a verv large, 5-inch-diameter unbonded area near the pole, the buckling
pressures were estimated to be 607 of the stated values (Table 6). The
critical pressure increases as the size of unbonded area decreases. Only a
5% reduction in buckling pressures was calculated for a l-inch-diameter
unbonded area, which is considered to be larger than will occur during fabri-
cation. The effects of environmental factors, especially aging and thermal
cycling, are not known, however. Although the fabrication process might
result in no unbonded areas or only very small ones, environmental factors

could detericrate the bond.

Diaphragm Reversal Analysis

The des.red reversing mode of the diaphragm is to "dish buckle" at the pole,
followed by axisymmetric rolling away from the liner wall in increasingly
larger diameters until 'snap-through" occurs at the equator. The diaphragm

curvature and stepped wall thickness both ensure this mode of reversal.




TABLE 6. BUCKLING PRESSURES

E,J - 0=

i st

|
E . A B C i
51 Ry Mode R| Mode Ry Mode i
*‘ Location R 2 R2 PcR Ry Pcr t PcR i
3 1 17.182 4,808 | 18.391 23.2 9.39. | 88.95 | 0.026 { 18.7%

16.261 6.643 | 19.374 | 21.6 9.926 | 82.20 | 0.027
14.986 B.243 | 20.936 | 19.6 | 10.776 | 73.95 | 0.029
13.438 9.566 | 23.188 | 17.4 | 12.028 | 64.66 | 0.032
11.703 | 10.600 | 26.323 | 15.1 13.834 | 54.66 | 0.036
9.863 | 11.357 | 30.614 | 13.0 | 16.480 | 44.85 ! 0.041

7.997 | 11.872 { 36.340 | 11.6 | 20.573 | 36.19 | 0.046 | 18.75
i

I | |

Dimension in inches; pressures in psia

23]

~NC W W

Initial buckling occurs at 1.2 psi, followed by the rolling mode at approxi- i
mately 2 to 3 psi until 90% of the propellant is expelled. From this point,
the diaphragm pressurc differential (AP) increac-s steadily to 25 psi at an

expulsion efficiency of 98.1%.

The polar region is flat to a half angle of 26 degrees and has a thickness of
0.026 inch. The wall thickness is then stepped to 0.034 inch between 35 and
50 degrees, to 09.039 inch between 50 snd 70 degrees, and to 0.044 inch belween
7. degrees and the radius at the equator. The radius is 0.061 inch thick.
The results of the analyses indicate that the AP to roll is less than that
required for buckling at any location after the thinnest sectior buckles.

Also, the AP required to buckle increases along the contour from the pole to

the equator, This helps resist the propagation of random buckles that might

cause critical folds and tearing of the diaphragm.
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Figure 15 relates the reversal prsitions of the diaphragm, i.e., height (2)
and angular location (6), ard the diaphragm's vercent volume reversal. It

should be noted that the percent volume reversal ie not the same as percent
propellant expelled because of the propellant vapor ullage, which is depen-

dent on temperature.

The equation used to calculate the pressure required to buckle the diaphragm
is the same as that utilized in analyzing tank buckling (Eq. Y). The larger
of the two colinear radii of curvature (R , the length of the line perpen-
dicular to the contour from the cuntour to the intersection of the polar
axis) was used to yield a low, conservative value to compare to the desir-

able rolling-mode pressure.

Rolling Mode Analysis. The predicted pressures for rolling were based on

Ref. 1. Figure 16 illustrates a cylinder rolling outside-in. The force
required to roll is a result of the enargy to bend the cylinder and that

required to increase the cylinder's diameter.

Ao
F z[c D (10)
where
A = uDt
”y = yield stress

#

curvature parameter

The terms (1/c) and (2ct/D) represent the bending and hoop stresses, respec-

tively. Because one term is inversely proportional and one is directly

Ref. 1. Guist, LeRoy K., and Donald P. Marble: Prediction of the Inversion
Load of a Circular Tube, NASA TN D-3622, September 1966.
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FORCE (F)
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Figure 16.

Cylinder Rolling Outside-In




proportional to ¢, the term in brackets in Eq. (10) has a minimum value with
respect to c¢. llypothesizing the rolling process will occur at this minimum

value requires that
¢ 7 = (D/Zt)0-5 (n

A cube root was substituted for the square root in the relationship expressed
in Eq. (11) to match the Ref. 1 data reproduced in Fig. 17. The ratio of
diaphragm thickness to diameter is less than approximately 0.003 along the
curved portion of the diaphragm, which is at the lower range of the t/D
values in Fig. 17. Also, the contoured diaphragm geometry is not the same as
bending a tube outside-in except at the equator. At other locations, the
bend angle is less than 180 degrees. Because of this, the term (2ct/D)

was modified by making it a sinusoidal function of half the bend angle

(8/2). These two modifications imply that

D 1/3
w =[5 sin @7 | ()

and
Ao
: Fu.-d [1 + 2 ct sin (6/. 2_)_] (13)
2 2 D
3 . 2c
2 substituting )
4 - F = ?112-- (14)

into Eq. (13) where

3 P = pressure

results in

P w o, [(u sin (8/2) )1/3 + 2( t sin (0 2))2/3] (15)
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To verify Eq. 15, Rocketdyne's 1R&D half-scale plastic tank diaphragm was
analyzed and compared to the test data. The stress-strain diagram for the
diaphragm material (1100-0) is presented in Fig. 18 and indicates that cold
worklng occurs at relatively low values of stress, such as during the rolling
mode. ‘Theretore, a conservative yleld stress of 12,000 ps| was assumed.

Figure 19 indicates a close comparison between Eq. 15 and the test data.

Predicted Diaphragm Reversal Mode. The reversal mode of : “aphragm with

nominal thicknesses is presented in Fig. 20 as a functior - = ercent reversal.
Tnitially, the thin (0.026 inch) flat portion near the polar axis buckles at
a differential pressure of 1.2 psi. The buckling AP increases from 1.2 to
2.0 psi along the curved surface between the flat section and the first step

increase. Because the rolling mode AP is approximately 2.0 psi at the step,

a transition to the rolling mode occurs. Because of the step thickness change,

the rolling mode becomes the preferred mode in the 0.034-inch-thick section,
f.e., the AP for rolling 1s less than that required for buckling. On the
thick side of this first step, 3.4 pul s required for hockling and the
value locreases as you move toward the next step because of the decreasing
local radius of curvature. The AP to sustain rolling decreases from 2.7

psi, however, because of the increasing diameter of the diaphragm.

At the start of the 0.039-inch-thick section, 8.4 psi is required for buck-

ling, but only 2.7 psi for rolling. It can be seen that the margin between

buckling and rolling continues to increase with percent reversal because of

the diaphragm's thickness, diameter, and local radius of curvature.
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At the start of the thickest section (0.044 inch), the buckling AP is 18.4
pst, compared to 2.7 for rolling. At the end of the expulsion cycle, the
At deviates from the rolling mode as the diaphragm 1s presscd against the J

tank liner to expel the remaining propellant. Table 7 summarizes the
predicted AP's.

Predicted Worst-Case Reversal Mode. The worst-case reversal mode, {.e., the

smatlest margin between buckling ard rolling, also was considered. For this

analysis, a buckling coefficient of 0.14 was used (Fi,. 13, Astronautics

Structures Manual, lower bound of data for the values of A between approxi-

mately 50 and 100). Also, the thinnest diaphragm permitted by manufacturing

tolerances was used. The resulting reversal mode is presented in Fig. 21. Of

mw T A TR T T

greatest significance is the analytical prediction of buckling in the nominal
0.034-inch-thick section. It should be noted, however, that reversal of this
section is complete at 6.0 percent (by volume) ani for low storage tempera-
' tures will only be collapsing the propellant vapor volume. A comparison of i
e ! AP's for this case was Included {n Table 7. ;
i }
4 !
1 TABLE 7. COMPARISON OF DIAPHRAGM ROLLING AND BUCKLING AP's {
— |
; Nominal Thicknesses | Minimum Thicknesses {
(i | AP Buckle AP Buckle 1
3 Nominal Spherical Spherical ‘
E Thickness, AP Roll, K=0.3Ct, AP Roll, | K=0.14, |
: inch Location psi osi psi psi l
E.
L C.026 Flat Section -- 1.2 S0 0.5
F | 0.026 Curved Section at 2.0 2.0 1.9 0.9
| Step
A 0.034 At 0.026 Step 2.7 3.4 2. 1.4
l{ 0.039 At 0.034 Step 2.7 8.4 2.5 3.5
] 0.0h4 At 0.039 Step 2.7 18.h 1 25 7.8
£
;
-
o
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The effect of the local radius of curvature and thickness, including
toleratces, on buckling AP for the curved and conical sections is presented
in Fig. 22. These data correspond to a worst-case buckling coefficient

of 0.14,

Each PSA has four valves. Two are mounted in the propellant outlet boss and
used for fi1l1ling and draining the propellant, and isolating the propellant
during storage. The other two are mounted in the pressurant inlet boss and
are used to evacuate the volume between the diaphragm and pressurant inlet

half liner, and isolatz the PSA from the pressurization subsystem.

Propellant Fill and Drain. The tank will be filled through the valve shown

in Fig. 23. It i3 a Pyronetics model 1811 valve, with modifications to the
body for welding into the propellant outlet polar boss. It has a metal-to-
metal seal that 1s closed mechanically by rotating the retainer nut to pull
the center poppet against the outer body seat. The seat has a minimum

i00 cycle 1ife. Separate fittings are provided for the N204 and MMH. The
proof pressure {8 600 psia and the burst pressure is 800 psia. Two caps are

welded over this valve for dual-weld containment.

Vacuum Service. The vacuum service valve is used to evacuate the cavity

between the diaphragm and pressurant inlet half liner before the tank is
filled with propellant. The vacuum helps maintain contact between the dia-
phragm and liner, provides a means of detecting a leak, and permits vacuum

fi1ling of the tank by equalizing the pressure across the diaphragm.

Figure 24 shows a fully developed Pyronetics model 1146-1 valve with the
same type of mechanically actuated metal-to-metal seat as the f111 and drain
valve. The seat has a minimum 100 cycle life. The proof and burst pres-
sures are 6000 and 8000 psig, respectively. The valve is screwed into the

pressurant inlet boss and a cap 1s welded over it.
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Figure 23. Fill and Drain Valve
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Figure 24. Vacuum Service Valve
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: Propellant Outlet. A pyrotechnically actuated valve is used for propellant

3 isolation., The fully developed Pyronetics model 1498 valve with modified
intet and outlet ports was selected for this application. This valve is

— shown in Fig. 25 after actuation. The cap on the inlet nipple is sheared
off by a ring slide that encircles the cap. The slide is diiven by a piston
and a pcotrusion on the slide locks in a plug, which prevents the slide from
rebounding after actuation. The piston and housing are tapered to provide a -
metal-to-metal tocking seal. The trigger mechanism consists of a squib

activated by a 28-volt signal.

Pressurant Inlet. A f4lly developed Pyronetics model 1470 valve with modified

i Tt M el s il

inlet anc outlet ports was selected to isolate the PSA from the pressurization

subsystem. This valve prevents loss of the vacuum between the diaphragm and i

tank liner. Like the propellant isolation valve, it is pyrotechnically

actunted. Figure 26 shows a sectioned drawing beforc actuatlon. i

]
{ The end caps on both the inlet and outlet nipples are sheared by the single-
u

}j piece piston, which has an oversized hole to permit flow after actuation.

Both piston and housing are tapered to provide a metal-to-metal locking seal.
1
E Leak Detector

The dual-wall containment provided by the diaphragm and pressure inlet half
| liner offers the potential for detecting leakage in either of these parts by
monitoring the pressure in the cavity between them. This volume is evacuated
so the propellant can be vacuum loaded without collapsing the diaphragm. Tt

remain at vacuum until the tank is pressurized to Initiate the expulsion

Gocaid b aalle 4 dioni kg

vyele.

R

A consideration in the selection of a pressure measurement device was the

ability to aprly proof pressure to the instrument, after installation, with-

out impairing its subsequent performance in measuring vacuum-level pressures.

Devices that could not withstand proof pressure were disregarded because they i
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would have to be installed after proofing with a subsequent low-pressure leak
test. Also, to avoid any design and development problems associated with
incorporating a mechanical stop behind the diaphragm on a pressure switch, a
simple off-the-shelf vacuum gauge was selected for leak detection. This
approach also provides an alternative for comparative evaluation with the

pressure switch utilized in one of AFRPL's other feed system programs.

The selected instrument is a Teledyne Hastings-Raydist model VT-4 vacuum
gauge with a model DV-34 gage tube. It has a usable range of 0.002 to

0.39 psia and a best sensitivity range of ).004 to 0.10 psia. The accuracy
is 2% of the full-scale angular meter deflection, which has a logarithmic

scale, The maximum pressure and temperature are 600 paig and 575 F.

Operation is based on a noble metal thermopile circuit. The hot junctions
are heated directly by an alternating current while the cold junctions are
kept at ambient temperature by the mounting studs. Thus, a d-c voltage is
generated between the hot and cold junctions. An increase in pressure
increases the thermal conductivity of the gas and tends to decrease the
temperature of the hot junctions and the output of the thermopile. A third
unheated rouple is connected in opposition to the heated couples and responds
to sudden ambient temperature changes, providing compensation for transient

temperature effects.

The maximum gage tube thermopile temperature is approximatcly 480 I fn a
high vacuum and 1ts d-c voltage output is 10 mv., The power requircment ol
the tube is 0.01 watt (0.029 amp, 0.32 volts ac). The instrument has a
continuous-use life of 3 years and therefore intermittent operation is

recommended. The response time is less than 0.2 second.

The vacuum gage selected requires 115-volt a-c power; however, 230-volt a-c
and battery-operated units are availabie. A recorder and alarm also are
available. The gage tube requires a Bendix connector type PC-06W-8-4S and
adapter cable type OM-1-MSF.
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Figure 27 presents the dimensions of the vacuum gage tube, which is purchased
of f- the-shelf. The external case of the valve is made from 304L stainless
steel and therefore requires a bi-metal aluminum/stainless-steel transition

tube for welding to the 5086-0 polar boss on the tank.

Leakage Integrity

The leak-tree Inteprity of the PSA Is maintained by using properly selected
materials and joining processes in combination with partial duval-wall propel-
lant containment to minimize the opportunity for leakage. The diaphragm and
propellant outlet half of the liner provide the primary containment of the
propellant. The minimum nriginal material thickness is 0.025 inch. The
1100-0 aluminum diaphragm and 5086-0 aluminum liner are joined at the cquator
with an EB weld as shown in Table 8 (number 10). Dual-weld containment is
provided by joining the pressurant inlet half of the liner (5086-0 aluminum)
to the propellant outlet half at the cquator with another EB weld (number 22).

Applicable “ection techniques are also presented in Table 8.

Only visual, penetrant, and low-pressure leak testing are available for
inspecting the diaphragm/lincer weld. Meaningful ultrasonic inspection is
unlikely and X-ray would not be directly useful. The step adjacent to the
weld will be used as a dimensional aid to visual/manual tracking of the weld
and for verification afterward. Restraining tooling will be used and rela-
tively slow speeds are planned. With match-machined parts, pre-weld (and
perhaps post-weld) samples, and in-process inspection checkoff and monitoring

of critical parameters, full joint fusion can be obtained.

Similar comments also are applicable to the liner-to-liner weld, except that
X-ray will be used with the film on the opposite side of the tank. However,
this will not reliably detect mistracking or lack of fusion. A scribe line
will be placed parallel to the joint as a tracking aid. Verificatiom of

tracking and penetration by grinding to joint depth may be used as a supple-

mentary method on this jolnt.
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Dual-weld containment at the propellant outlet valve/polar boss (both
| 5086 aluminum) is provided bty two ER welds (numbers 5 and 6). The fill and
4 drain valve (5086 aluminum) is joined to the outlet boss with an EB weld

(number ). As a backup, a 5080 aluminum cap is TIG welded around the valve

to the boss (number 2). To make this weld prior to wrapping the tank and to

T
R

provide dual-weld containment against leakage through the valve, the conrd

plates are TTC welded over the valve and cap (rumbers 3 and 4). The third
set of redundant welds at tiie outlet are at the joint betwecen the polar boss

and liner. An EB weld (number 8) {s used for structural integrity and a

b bl Il

TIG weld (number 9) for sealing.
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Becanse the propellant is contained by the diaphragm, only single welds were
required at the pressurant inlet joints. The end of the 304L siainless steel
pressurant isolaticn valve outlet nipple is EB welded (number 16) to the

304L section of the bi-metal coupling. The other end of the coupling

. (5086 aluminum) is EB welded (number 17) to the inlet jolar boss (5086 alumi-

num). The third weld required is the EB weld (number 20) to join the inlet

liner and polar boss. Two additional welds are required for the leak indica-

tor. The 5086 aluminum instrumentation boss is joined to the polar boss using

I3

a TIG weld (number 12) and the 304L section of the bi-metal coupling is TIG
welded (number 11) to the 304L stainless-steel indicator. Two more welds are
required for the vacuum service valve. The 5086 aluminum adapter plate is

EB welded (number 14) to the polar boss, and the 5086 aluminum valve cap is
joined to the adapter with a TIG weld (number 15).

- e T o ——
S T Cilrg et "

Six more welds are required for assembly of the pressurant inlet and propel-

Ao

lant outlet plates, and the mounting ring. These welds, not related to lcak-

it

age integrity, are discussed in the Fabrication section.

E' Thermal Analysis

;7 The primary thermal considerations in the design of the propellant tank were

: to minimize the diaphragm, liner, and composite overwrap temperatures, and




to maximize the final pressurant gas temperature. Minimizing material
temperatures was desirable to utilize a lightweight, low-cost aluminum dia-
phragm and liner, and to keep from approaching the composite cure temperature.
Maximizing the final pressurant tempera:ure results in reduced pressurization
component weights. Fortunately, these two requirements are compatible in

that both can be achieved by minimizing the heat transfer rate between the

gas and tank. )

Pressurant Inlet Dif fuser. The reacted Tridyne enters the tank at steady- i

state temperatures between 1025 and 1051 F, depending on storage conditions.

After passing through the stainless-steel inlet tube, the gas is distributed

by a stainless-steel shower-head-type diffuser plate. A worst-case analysis

was conducted to show the adequacy of the diffuser plate. Laminar stagnation
heat transfer was assumed for a single large stream impinging on the dia-

phragm without propellant behind it. A gas temperature of 1025 F was uti-

lized with a 0.026-inch-thick diaphragm initially at 70 F. It took 6.4 sec-
onds for the diaphragm to reach 300 F. In addition to slowing down the
impingement velocity, the diffuser plate will spread the flow over a large

diaphragm surface area. Further, initial diaphragm reversal will occur
almost instantaneously to ensure contact with the propellant since less than
- 2 psl| is required. This will permit the diaphragm to be cooled with propel-

lant. Consequently, no local diaphragm heating problems arc anticipated.

TIRE

Conduction of heat from the steel inlet tube and diffuser plate to the
aluminum polar boss assembly is controlled by minimizing the area of contact.

Of greatest importance is contact with the inlet tube because it has the

s

highest gas velocity. An additional heat transfer advantage inherent in the

T,

"
—

tank design concept is that reversal of the diaphragm is in line with the

- ( inlet port, which avoids flow of warm gas along the tank wall.

|
7" Propellant Tank Model. The transient thermal analysis of the PSA was accom- {

d plished with a specialized model used in conjunction with Rocketdyne's Dif- i

ferential Equation Analyzer Program (DEAP), which provides a basic tool for

ﬂ‘ . U — e g g — e s A AR I T
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the solution of second-order partial differential equations. The general

hyperbolic differential equation can be rcpresentad as

- v-(kvw+G-v¢+s¢+q=x.ﬁg.+o.~—}‘{ (16)
at
where the significance of each term is presented in Table 9. Normallvy,
several of the coefficients in Eq. 16 will be zero, resulting in the special-
ization of the equation to a parabolic equation () = 0) or an elliptic equa-
tion (A = 0 and pc = B The usefulness of this equation for solution of
physical problems can be seen in Table 9, which lists the analogous param-

eters for mechanical, therwal, mass diffusion, acoustic, magnetic, and elec-

trical physical systems.

This program is a descendent of the Lockheed Thermil Analyzer Program (TAP).

23
s 4 M
Cm—ay

The computer program loglc of TAP was revi:ed and the program capabilities

T— M i
Y4 J
-

enlarged at Rocketdyne to produce DFAP, whi. h has rctained the capabillty to

solv. any existing TAP problem with only minor changes to the data deck.

i - s

’ The DEAP computer program solves problems related to the behavior of a con-
S tinuous physical system through the ana:logy of a lumped parareter (or nodal)

rcpresentation that is solved by difference methods. The difference solution

b 8 i

method used is a three-time-level method. Thie method i{s a modification of
F the DuFort Frankel Method, which is stable for any computational time incre-
J ment and is well suited for nonlinear problems, i.e., where the coefficients

a of Eq. 16 are functions of the dependent variable.

éi The physical s:;tem can be represented by a lumped network with up to

5 | 999 nodes and 2999 connectors; and the problem may include conduction, con-
vection, radiation, phase changes, heat sources, and heat sinks. Functional
variations of all the parameters with respect to time, temperature, cr any

. other specified combination of variables also are available for problems

! involving variable material properties, ablation, variable coolant flow,

etc.
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The PSA nodal model utilized with DEAP sim “ated the complete tank and
diaphragm geometry, but symmetry about tl polar axfs war assumed.  The moded
also included a representation of the feed line from .he catalytic reactor

to the tank inlet boss. The liquid propellant in the tank was simulated with
a slopgle node whese Lime-dependent capacitance (4.e., mass) was delermined

by ini{tilal conditions and the expulsion duty cycle.

The warm-gas pressurant was simulated by a seri2s of flow nodes with a
specified temperature at the catalytic reactor outlet. The temperature

loss of the pressurant as it flowed through the line was calculated using
suitable convective filr coeffic.onts. The feed line was assumed to be
ingulated so that only during the initial flow transient was there significant

temperature loss in the line.

The pressurant pas flowrate required to maintaln a constant deltlvered pro-

pellant pressure was calculated by the program from the following ~elationship

we Ly (17)

where

P = Pressurant pressure
= (Gas constant

= Pressurant inlet temperature

Vo= Expulsion flowrate
Q = Heat loss from pressurant
Cp = Specific heat of pressurant

The first term represents the gas flow required to maintain the pressure
profile, a function of diaphragm AP, as the pressurized volume increases
due to the expulsion of propellants. The second term represents the gas

flow needed to offset the heat loss. The volumetric expulsion rate is
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input to the program in the form of a table. Both pressurant gas temperature

and cooldown rate are calculated and vary with time.

Heat loss from the pressurant gas to the tank and propellant was the primery

calculation since this factor affects the hardware temperatures and the total
pressurant required. The biggest uncerteinty in determining the heat loss was .
calculating the heat transfer film coefficient. Problems were associated with

pas mlxing and not kunowirp the velocity of the gas along the diaphragm and

Liner suvfaces.  Thls was further complicated by the variations In vehlele

PSPRPETET:S

acceleration imposed by the engines. Because of these uncertainties, both

forced and natural convective film coefficients were considered.

To minimize the forced convection film coefficient, gas injection velocity was
minimized by use of a diffuser plate. Utilizing this velocity in conjunction

with the tenk gecmetry and assuming laminar pipe flow relationships resulted
6

in 2 convective film coefficient of 6.7 x 10 Btu/in.z—sec-F for the highest
pressurant flow and 0.33 x 10"6 Btu/in.? sec~F for the lowest flow. Forced
convection was assumed to be the governirg process and was used to calculate
pressurant requirements. Natural convection ccefficients were higher, however,

— and therefore were used to d:termine the worst-case hardware temperatures to be

presented.

The alternate approach utilized the natural convection data of Ref. 3 to estimate
film coefficients within the tank. The use o. the natural convection data is
complicated by the fact that during the actual mission the gravitational fources
vary from siightly more than 1 g during axial engine operation down tu about
0.003 g based on an integrated average of the ACS engines. Utilizing this

range of g values, the Rayleigh number vsries from approximately 4.3 x 109 to

1.2 x 10 . The resultant film coefficients for maximum and minimum prissurant

flows are 15 x 10_6 anl 2.2 x 10"6 Btu/in.z—sec—F, respectively.

Ref, 3. M-eans, J.D., and R.D. Ulrich: "Transient Coiwvection Heat Transfer C %
During and After GCas Injection into Containers,' ASME Journa' of '
Heat Transfer, May 1975.
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Convective film coefficients were multiplied by the exposed surface areas of
the tank liner and diaphragm nodes to obtain the corresponding values of
admittance and the resultant heat losses, based on the temperature differences
between the ullage gas node and corresponding material nodes. The number of
nodes exposed to the warm gas increased with time as the diaphragm rolled away
from the liner. This cffect was accomplished by the use of an input tahle in
which the exposed surface area was a function of the percent dlaphragm rever-

sab. Full surface cxposure was assumed at 507 expuislon.

The 1iquid propellant film coefficient was obtained from the natural convee-
tion relationship in Ref 4 . The resulting value of 1.6 x 10-4 Btu/in?-sec-F,
which is an order of magnitude larger than the ullage gas values, ensures

that the diaphragm temperature 1s controlled primarily by the propellant

temperature.

Heat Transfer Predictions. The results for MDC T at a storage temperature of

100 F are presented in Fig. 28. The initial pressurization was performed in
the first 10 seconds and was foilowed by a 128-second coast. At the end of
the 122.5-sccond expulsion, the gas bulk temperature was 358 F. Because of

this high value, there Is usable Tridyne In the pressurint storage tank which

_ is sized for MDC il. The warmest liner/composite temperaturce was 285 F, which
3 occurs In the thin section approximately midway between the pole and equator.
] The aluminum inlet boss temperature shown 1s near the inlet valve, and the

Ev diaphragm temperature is the maximum value. The long coast after completion
,‘ of the expulsion is academic to show the soakout transient. Figure 29 shows
;‘ the temperature profiles at the end of the long expulsion for a portion of the

tank liner/composite.

Figures 30 and 31 show similar data for MDC II. Becau:e of the long, pulsed 1
propellant demand, the tank temperature profile 1s more uniform and results i
in a lower maximum liner/cumpnsite temperature (253 F). The gas temperature

at the end of the cycle is 290 F.

I
S; Ref. 4 . McAdams, W.H.: Heat Transmission, Third Editlion, McGraw-Hill,
i New York, 1954.
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Structural Dynamic Analysis

Structural dynamic analyses of the composite-wrapped propellant tanks were i
— conducted using the finite-element techniques available within the STARDYNE i
Analysis System formulated by Mechanics Research Inc. This system is com- d
priscd of a compatible sct of digital computer routines that encompass the ;
total range of static and dynamic response analyses. Capabilities include ’ {
static, thermat, and intertial loading; cigenvector or mode shape cextractions
ultlizing cither Inverse lteration, LANZ0S, or Houscholder Q-R algorithms; and

sinusoidal, random, acoustic, shock, and transient responses.

A comparison of response stresses in the mount structures of the fuel, oxi- ]
dizer, and pressurant tanks was made to support Rocketdyne's MX proposal j
effort using a Stage IV system model. The vibration criteria applicable to

the stage structure were similar in shape but had higher levels than the

intcrstage structurce requirements for this contract. The results of system
response analyses, summarized in Fig. 32, indicated the oxidizer tank supports
had the highest response stresses of the components included in the propel-
lant feed system. The oxidizer tank, being the heavier of the two propellant

tanks in the loaded condition, was therefore selected as the critical compo-

— nent for detailed dynamic response analysis.

Propellant Tank Liner, Wrap and Mount Ring. A worst-case analysis of the propel-

TR

lant tank structural shell was accomplished by comhining the flight and ground
random vibrations into an envelope of the maximum specifications from 1 to

2000 Hz. This spectrum and the separation shock were applied to the complete 3
tank model shown in Fig. 33 through the mount attach points. Based on earlier

analyscs, the critical condition of 12% diaphragm reversal, which is the

approximate condition during separation shock, was included in the model,

assuming full fluid compliance.

The first 88 natural frequencies with "participation factors" greater than 0.1

in any one axis direction (26 to 1125 Hz) were included in the analysis. A

typical normalized displacement is illustrated in Fig. 34 for the second =
mode (51 Hz).
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Figure 33. Propellant Tank Structural Model
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Figure 34. Second-Mode Normalized Displacements
for Propellant Tank

The combined structural dynamic and stat{c pressure stressces versus radius

are shown in Fig. 35 to have a substantial margin of safety when compared to
the allowable Kevlar/epoxy composite stresses. The girth ring also is shown
to have substantial margin for both shock and peak random response stresses in
Table 10. The deflections shown are for the slotted point of attachment.
The~e results are conservative not only because the rwultiple vibration
requirements were enveloped, but shock-mounted support links were later incor-
porated to accommodate the diaphragm. In conclusion, there are no anticipated
structural dynamic problems with the propellant tank structural shell or the
girth ring mounting structure.

Propellant Tank Diaphragm. A separate model of the aluminum diaphragm, par-

tial structural shell, girth ring and tank mount links was created to assess

the response of the diaphragm at both the 12 and 37.5% reversal conditions.

Figure 36 is a graphic display of the 12% reversal model.
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Figure 35. Dynamic Response of Propellant Tank Shell
TABLE 10. DYNAMIC RESPONSE OF GIRTH RING
Shock Response Random Response
Maximum Maximum | Margin Maximum Maximum Margin
Allowable |Deflection, | Stress, of Deflection, | 30 Stress, of
Stress inch psi Safety inch psi Safety
65,000 0.253 17,200 2.8 0.390 51,200 0.3
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Figure 36. Diaphragm Structural Model
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The effective fluid used in the analysis was calculated by constructing the

simple fluid madel of Fig. 37 and calculating the gencralized weight term
(59 pounds) for the first fluid mode (1190 Hz). This weight was then distrib-
uted over the surface of the diaphragm model and 67 mode shapes, such as the

une shown in Fig. 38, were extracted from 53 to 4889 iz,

Responses of the 127 reversed diaphragm to both peak vibration . id separation
shack Indicated signiticant yielding of the diaphragm. A design change was

then initiated, which led to shock-mounted support links. The diaphragm was
re-analyzed and shown to exhibit no significant yielding. The range of the first
67 mod~ frequencies was 39 to 4763 Hz. The shock mounting was accomplished by
isolating the tank structure from the stage structure with a shearing type

elastomer material integral with the support links.

Similarly, the response analysis of the 37.5% reversed diaphragm to Stage IV
random vibration showed the diaphragm to possess a finite fatigue life without
the shock mounting and an infinite 1ife with the mount. A summary of the

maximum diaphragm stresses appears in Table 11.

TABLE 11. MAXTMUM DIAPHRAGM STRESSES

124 Reversed Allowable Hard-Mounted Shock-Mounted
e . —
3 ¢ Vibration 15,000 psi 22,900 psi 15,500 psi

Separation Shock [ 15,000 psi 17,660 psi 9,930 psi

37.5% Reversed

RMS Vibration 4,000 psi 5,125 psi 290 psi
Fabrication

The PSA components, materials, and process specifications are
shown in Table 12. The PSA assembly sequence 18 presented schematically in

Fig. 39, and the welds were presented in Table 8. The welds required for dual

92
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TABLE 12.

PSA MATERIALS

Part

Material

Specification

Girth Mount Coupling

Girth Mount Spacer

Girth Mount Ring

Fill and Drain Valve End
Fill and Drain Valve Cap End
Fell and Deain Valve Cap
Fill sed iain Valve
Cylindiical Wiap

Leak Detector

Leak Detectc:r Bi-Metal
Coupling

Vacuum Service Valve Cap
Vacuum Service Valve
Vacuum Service Valve Adapter
Girth Ring Elastomer
Givth Mount Ring Band
Pressurant Inlet Valve
Propellant Qutlet Valve
Helical Wrap

Inlet Bi-Metal Coupling
lnlet Polar Boss

Inlet Liner Ring

Inlet Support Plate
Inlet Diffuser Backplate

Inlet Diffuser Frontplate

Outlet Collector Plate
Outlet Polar Boss
Diaphraqm

Inlet Liner

Outlet Liner

6061-T6 Aluminum
2219-762 Aluminum
2219-762 Aluminum
5086-0 Aluminum
5086-0 Aluminum
5086-0 Aluminum
5086 Aluminum
KEVLAR L49/Epoxy
3nLL CRES
6061/304L

5086-0 Aluminum
5086 Aluminum
5086-H34 Aluminum
Elastomer
2219-T62 Aluminum
3ob4L CRES

5086 Aluminum
KEVLAR L49/Epoxy

© 6061/304L

5086-H34 Aluminun
5086-0 Aluminum
5086-0 Atuminum
304L CRES

304L CRES

5086-0 Aluminum
5086-H3I4 Aluwinum
1100-0 Aluminum
5086-0 Aluminum
5086-0 Aluminum

STO 170 LBOOLB-T62
STO 170 LBOOLB-T62
QQ-A-250/7-0
QQ-A-250/7-0
QQ-A-250/7-0

QQ-A-250/7-0

QQ-A-250/7-H34

STO 170 LBOOLB-T62

QQ-A-250/7-H34
QQ-A-250/7-0
QQ-A-250/7-0

QQ-S-766 CL30LL COND A
QQ-S-766 CL30LL COND A
QQ-A-250/7-0
QQ-A-250/7-H34
QQ-A-250/1-0
QQ-250/7-0
QQ-A-250/7-0
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containment of the propellant were included in the Leakage Integrity section.
8ix additional welds are required for joining the pressurant inlet plates,
the propellant outlet plate, and the girth ring. Figure 39 is divided into
the pressurant inlet, propellant outlet, and PSA assemblies as indicated,

starting at the bottom of the chart.

The assembly scquence for the proupellant outlet polar boss assembly is ini-
tiated by welding the outlet valve and fill and drain valve to the polar boss.
The outlet valve requires two welds. The 5086 aluminum outlet plate is then
welded to the 5086 aluminum polar boss to complete the boss assembly. The
boss assembly is subsequently welded to the outlet liner at two locations and

is followed by joining the diaphragm and outlet liner with girth welds.

The aasvembly sequence tar the presgsurant Inlet polar hoss ansembly Is Tabtia
ted by welding the lecak detector to {ts bi-metal coupllng and welding the
coupling Lo the polar boss. The vacuum service valve adapter is also welded

to the polar boss and the valve i1s threaded into the adapter.

Next the pressurant inlet valve is welded to its bi-metal coupling and
inserted in the polar boss opening. The coupling is then welded to the polar

boss. This is followed by welding of the 304L stainless-steel pressurant

inlet backplate to the 304L section of the coupling and to the 304L frontplate.

The inlet support plate is fitted between the backplate, the polar boss, and
the 5086-0 aluminum contour transition ring after the latter is welded to the
pressurant inlet halfl liner. Welding of the polar boss to the [iner com-

pletes the inlet [Hner assembly.

The inlet and outlet liner assemblies are then joined by welding at the equa-
tor. At this point the metal tank is mounted in handling yokes and shipped.
After surface preparation, the Kevlar filaments are helically wound while

wet with epoxy resin. The elastomer band is placed over the equator

and the girth ring is positioned over the elastomer and the coupling fastened.
The composite is then circular wrapped over the girth ring and the tank is put
through the cure cycle. After appropriate tests are conducted, the tank is
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vacuum filled with propellants and the caps are welded over the fill and

drain and vacuum service valves.

—- PLASTIC WORKHORSE PROPELLANT STORAGE ASSEMBLY

The plastic workhcrse tank is used for initial dlaphragm testing. 1t is
designed for low-pressure water expulsion tests to view the reversal modc and
evaluate alternate diaphragm designs to establish the optimum configuration

for the flightweight tank.

Figure 40 shows the assembly. Warm plexiglass G half shells are drawn to
contour to mate with 6061 T651 aluminum contour rings at their inner surfaces
and aluminum flange rings at their outer surfaces, and then polished to opti-
cal quality. Aluminum inlet and outlet plugs are bonded to the shells at
their poles.

The rflange rings are designed to minimize their rotation under the internal
pressure of 50 psig and ensure O-ring sealing under the large bending moment
resulting from the large flange width., The large width is used to minimize

the stress ir, the nonductile plexiglass and preclude high stress concentra-

~ tions. Butyl O-ring seals are located at the inner and outer surfaces of the

contour rings.

The 321 CRES' pressurant inlet post has a shoulder and is threaded for mechani-

cal attachment to the inlet plug with a washer and nut. It is also threaded

fo. attachment to the 606l T651 aluminum diffuser plate. This plate diffuses
the pressurant before it impinges on the diaphragm and is welded to a 6061
T651 aluminum transition ring that duplicates the flightweight tank contour.

The inlet plug also has a small threaded port to provide for monitoring the

pressurant.

The propellant outlet post fitting is the same as the inlet post and permits
threaded attachment of the 6061 T651 aluminum collector plate, The plate

geometry is the same as the flightweight configuration. The small port in the
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outlet plug provides for monitoring the outlet pressure. Pressurant inlet
and propellant outlet fittings are made from AN815-16J fittings and are welded

to their respective vosts.

The diaphragms are made of 1100-0 aluminum and duplicate the flightweight

configuration except for the flange area, which in this case is designed for

bolted attachment. The diaphragms are easily replaceable by simple disassembly

of the tank shell halves.

METAL WORKHORSE PROPELLANT STORAGE ASSEMBLY

The metal workhorse tank has a "heavy'" aluminum shell instead of a thin liner
overwrapped with composite. It will be fabricated to provide a reusable tank
for evaluating tank performance under life cycle environmental conditions
including pressure, temperature, and structural dynamics. Figure bllshows the
tank assembly, which is girth-flanged for bolting and disassembly as required
for test evaluations. The optimized 1100-0 aluminum diaphragm configuration
determined from the plastic tank tests will be used with this tank.

The assembly is comprised of two aluminum half-shells with welded flanges

and polar bosses made from 2219 T62 aluminum. The pressurant diffuser assem-
bly is welded to the 304L CRES inlet fitting, which is bolted to the inlet
boss. The welded 304L CRES outlet collector assembly is welded to the 304L
CRES outlet fitting, which is welded to the outlet boss. PBoth polar bosses
contain 321 CRES fittings to monitor inlet and outlet pressures.

Tank cshells are draw formed from plate stock in the annealed condition and
trimmed. They are then heat treated and EB welded. EB welding, as opposed
to fusion welding, only partly reduces the material strength at the joint so
that allowable ultimate and yield strength levels of 42 ksi and 28 ksi,
respectively, are achieved. This permits tank wall reduction to about

0.450 inch at the poles and 0.250 inch at the girth.
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FLIGHTWEIGHT PRESSURIZATION SUBSYSTEM

The flightweight pressurization subsystem, which is used to pressurize the
two PSA's, consists of Tridyne pressurant fluid (a gaseous mixture of helium,
oxygen, and hydrogen), a composite-wrapped storage tank, a fill and drain
valve, a pressure switch leak detector, a pyrotechnically actuated isolation
valve, an electronically controlled pressure regulator, a catalytic reactor,
and associated flow lines. A schematic of these components was shown in

Fig. 1 and a top-level assembly drawing i1s presented in Fig. 42. Each of
these components are described in this section of the report. Pressuriza-

tion subsystem design cha: 'cteristics are summarized in Table 13.

TABLE 13. PRESSURIZATION SUBSYSTEM DESIGN CHARACTERISTICS

Envelope, inches

Pressurization 5ubsystem Length 26.5
Pressurization Subsystem Width 18.9
Pressurization Subsystem Height 18.7
Pressurization Tank Oiameter

(at 4000 psia) 18.7
Catalyst Bed Length 2.05
Catalyst Bed Diameter 1.25

Pressurant Tank (at 4000 psia) 2910.0
Catalyst Bed 2.49
Pressurant Composition, ¥ Molar Mass
Helium 91.10 77.3
Oxygen 2.97 20.1
4vdrogen 5.93 2.5
Pressures, psia Minimum Maximum
Pressurant Storage 3629 4370
Tank Blowdown 4oo 554
Regulator Outlet 34 359
Pressurant in PSA 306 324

Temperatures, F

Reactor Outlet 1035 1061
PSA Inlet 1025 1051
Pressurant in PSA, End of MDC | L4s
Pressurant in PSA, End of MDC 11 350
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Tridyne Pressurant i

The weight of Tridyne pressurant required is dependent on several factors

et Yl i

including the catalytic reaction temperature rise, the storage pressure, thc

final blowdown pressure, the pressurized volume, and the final gas tempera-

ture in the PSA (which is a function of the mission duty cycle (MDC)M

Reaction Temperature And Composition. The coldest temperature at the inlct

T

to the catalytic reactor is -181 F, which corresponds to expansion from

3777 patia at 40 F to 359 psia with a polytropic exponent of 1.33. The pres
surant gas temperature at the inlet to the PSA's was assumed to be 1025 F
for 40 F storage conditions. With a 10-degree drop in the lines, the reac-
tor outlet temperature was est<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>